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Abstract We have established rBAT (named as SLC3A1
in the Genome Data Base) as a gene responsible for cystin-
uria, a heritable disorder of amino acid transport. The
cystinuria locus has been mapped by linkage between mi-
crosatellite markers D2S5119 and D25177. Fluorescene in
situ hybridization (FISH) either with A/u-polymerase-
chain-reaction (PCR)-amplified sequences of a yeast arti-
ficial chromosome (YAC) containing the rBAT gene or
with rBAT-specific PCR-amplified genomic fragments,
and chromosome G-banding have cytogenetically mapped
rBAT to 2p16.3. In order to correlate the physical and ge-
netic information on cystinuria, we have performed FISH
with combinations of Alu-PCR- amplified sequences from
YACs containing rBAT or the D2S119 and D2S177 loci.
In all cases, a fused signal is obtained that demonstrates
their close physical location; this allows the assignment of
rBAT, cystinuria and their linked markers, D2S119 and
D2S177, to 2plé6.

Introduction

Cystinuria is a common inherited aminoaciduria disorder
that involves the defective transepithelial transport of cys-
tine and dibasic amino acids in the kidney and intestine
(MIM 220100, McKusick 1990; Segal and Thier 1989).
The cDNA for a human protein (rBAT) involved in the re-
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absorption of neutral amino acids, cystine and dibasic
amino acids in the kidney and intestine has been cloned
(Bertran et al. 1993; Lee et al. 1993). Recently, cystinuria-
specific mutations in the rBAT gene affecting amino acid
transport activity have been reported, demonstrating that
this gene is responsible for cystinuria (Calonge et al.
1994). Linkage studies of cystinuria using chromosome 2
markers have localized the cystinuria defect to between
D2S119 and D2S177 (Pras et al. 1994).

Somatic cell hybrid studies have localized the human
rBAT gene to 2pter-p12 (Calonge et al. 1994; Lee et al.
1993). Further to refine the chromosomal localization of
rBAT and of the cystinuria defect, we have identified
yeast artificial chromosome (YAC) clones for the loci
linked to cystinuria (D2S119 and D2S177) and for the
rBAT gene, and we report the localization of these two
markers and of the rBAT gene to 2p16.

Materials and methods

Chromosome preparation

Metaphase spreads were obtained from conventionally cultured
human lymphocytes using standard methanol/acetic fixation meth-
ods. G-banded chromosomes were photographed, and were
destained and refixed according to Klever et al. (1991) before hy-
bridization.

Selection of YAC clones containing the rBAT gene,
and D25119 and D2S177 microsatellite loci

YAC clones from the Centre d’Etude du Polymorphisme Humain
(CEPH) MegaYAC library (Albersten et al. 1990) were screened
by the polymerase chain reaction (PCR) with primers C1D (Ca-
longe et al. 1994) and PIR 5"-GAACAGCACCTCCTTGGGCAT-
37 (nucleotides 222-202, antisense). To identify the clones con-
taining the whole coding region of the rBAT gene, positive YAC
clones were PCR-amplified with three pairs of primers: (1) C1D
and PVR 5"-CCATCCTTGTTACTGTCCTT-3" (nucleotides 412—
393, antisense); (2) P3D 5-GCGTTTGGGGAATCAG-TATG-3"
(nucleotides 1355-1374, sense) and P3R 5-GTT-CCAGGGAGT-
GTGAAAAG-3" (nucleotides 1425-1406, antisense); (3) P18D
5-GAGGAATGACAGCCACTATG-3" (nucleotides 1720-1739,
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sense) and P17R 5-CCAAGCAGCATGCTGTACAT-3" (nu-
cleotides 21432124, antisense) generating fragments correspond-
ing to the 57, middle and 3" regions of the rBAT cDNA (Bertran et
al. 1993). PCRs to show the presence of the whole coding region
of the rBAT gene were performed under standard conditions, with
specific YAC DNA encapsulated in agarose beads and obtained as
described elsewhere (Overhauser and Radic 1993). YAC clones
668A1 and 761H6 containing markers D2S119 and D2S177, re-
spectively, were obtained by PCR screening the CEPH YAC li-
brary (Albersten et al. 1990), using the corresponding primers
(Généethon).

Alu-PCR amplifications

Alu-PCR was performed using 3-pl aliquots of bead-DNA, ob-
tained from the corresponding YACs. The reaction mix contained
10 ul buffer (Perkin Elmer Roche), 0.2 mM of each of the four
dNTPs, 0.45 uM of each primer, Alu-5" (Tagle and Collins 1992)
and Alu A33 (Chumakov et al. 1992), and 3 U Tag polymerase
(Perkin Elmer Roche) at a final MgCl, concentration of 3 mM, in
a 100-ul final volume. The Alu-PCR conditions were those de-
scribed by Nelson (1990). Aliquots (5 ul) of amplified DNA were
analysed on a 1% agarose gel; if suitable, they were ethanol-pre-
cipitated and resuspended in 15 pi distilled water before labelling.

Labelling and hybridization with YAC probes

Alu-PCR products from YAC 921B6 containing rBAT were la-
belled with digoxigenin-11-dUTP (Boehringer Manheim) by a
standard nick translation reaction (Selleri et al. 1991), purified by
gel filtration and precipitated with NaCl-ethanol and an excess of
C,t-1 DNA (GIBCO-BRL) and salmon sperm DNA (Sigma). The
hybridization mix contained 50% formamide and 10% dextran sul-
phate in 3xSSC (1 xSSC = 150 mM NaCl/15 mM sodium citrate,
pH 7.0). Aliquots (10 pl) of the hybridization mix were applied to
each slide, covered with a coverslip and sealed with rubber ce-
ment. The chromosome preparations and the probe were heat-de-
natured at 80°C for 8 min. Hybridization took place overnight in a
humid chamber at 37°C. Post-hybridization washes were per-
formed as follows: three washes in 50% formamide/2xSSC pH:7
at 43°C, each for 5 min, and three washes in 0.1 xSSC at 60°C,
each for 5 min. Then, the slides were incubated in blocking solu-
tion (Boehringer) for 5 min. Finally, fluorescein-isothiocyanate
(FITC)-conjugated sheep anti-digoxigenin (Boehringer Mann-
heim) was applied, under a coverslip, and the slides were incu-
bated at 37°C for 20 min (Lichter et al. 1988).

Before the slides were mounted, they were washed 3 times in
(100 mM TRIS-HCI/150 mM NaCl)/ 0.05% Tween 20 solution.
No signal amplification was performed. Finally, slides were
mounted in an antifade solution (Vector Laboratories) containing
0.5 pg/ml propidium iodide.

Alu-PCR products from YACs 668A1 (containing the D2S119
locus) and 761H6 (containing the D2S177 locus) were labelled
with biotin-16dUTP by nick translation and hybridized as de-
scribed above. Hybridization was detected by incubation with
FITC-avidin (Vector Laboratories). For post-hybridization washes,
we used a 4xSSC/0.1% Tween 20 solution. No rounds of signal
amplification were performed. Slides were mounted as described
above. For double and triple hybridizations, 7 ul of each of the cor-
responding hybridization mixtures were used. Hybridization and
detection steps were as described above. To re-probe the hy-
bridized slides, we washed and prepared them according to the
method described by Heslop-Harrison et al. (1992). In all cases,
preparations were studied under an Olympus AH-3 fluorescence
microscope equipped with the appropriate filter set.

Labelling and hybridization of rBAT genomic probes

Five different rBAT genomic fragments were PCR-amplified from
DNA of a non-cystinuric individual, by adding 3 nmols fluorescein

12-dUTP (Boehringer Mannheim) to the reaction buffer, according
to standard methods. The primers used were: C1D (Calonge et al.
1994) and CIRi 5-AGAGAGGGCAATGATGGCTA-3" (nu-
cleotides 333-314, antisense) to generate a 388-bp fragment; C8Di
5"-CCTGAGATGAGATCCAAG-3" (nucleotides 972-991, sense)
and C7Ri 5-AATGTTCGTGCATTCCGACCT-3" (nucleotides
10801061, antisense) to generate a fragment of approximately 1
kb; iDirA 5-GACAGCGTCACACAATACTCG-3" (nucleotides
1012-1032, sense) and C8Ri 5-TGGCATGTTTTCCATCCA-
GGA-37 (nucleotides 1308-1288, antisense) to generate a frag-
ment of approximately 3 kb; C5Di 5-CCGCAAATGTGAAT-
GAAAGCT-3" (nucleotides 1472-1492, sense) and C4R (Calonge
et al. 1994) to generate a fragment of approximately 1.1 kb; and
C9Di 5-AAGACTCAGCCCAGATCGGC-3" (nucleotides 1624—
1643, sense) and C6R (Calonge et al. 1994) to generate a 488-bp
fragment. The nucleotide position refers to the human rBAT
c¢DNA sequence (Bertran et al. 1993). All amplified products were
mixed, ethanol-precipitated, and used for hybridization.

The labelled DNA was dissolved in 10 pl hybridization mix-
ture containing | pg human C,t-1 DNA in 50% formamide, 10%
dextran sulphate and 1 xSSC. The mixture was denatured at 95°C
for 10 min. To avoid cross-hybridization, the denatured DNA so-
lution was kept for 20 min at 37°C. The chromosome preparations
were denatured separately in 70% formamide/2 x SSC at 80° C for
2 min followed by dehydration. Hybridization was carried out at
37°C overnight. The post-hybridization washes were performed in
50% formamide/2 x SSC at room temperature for 15 min each. The
hybridization signal was amplified three times with anti-fluores-
cein antibodies and ant-mouse Ig-fluorescein F(ab)2 fragments
(Boehringer). During these steps, the chromosome preparations
were washed in 4xSSC/0.1% Tween 20 at room temperature for
15 min. After amplification, the preparations were counterstained
with propidium iodide (0.2 pg/ml) in antifade solution.

Results
Mapping rBAT

The screening of the CEPH MegaYAC library with
primers CID-PIR revealed specific PCR-amplification
products (254 bp) in six YAC clones. Three of these
clones (888G9, 921B6, 922B12) contained the whole
rBAT ¢DNA sequence, since specific amplification prod-
ucts of 338 bp, approximately 1.8 kb and 568 bp in length
were obtained with three pairs of primers from the 5™-end
(C1D-PVR), the middle region (P3D-P3R) and the 3 -end
(P18D-P17R), respectively, of the human rBAT cDNA
(data not shown).

To localize the human rBAT gene subchromosomally,
we performed FISH with the Alu-PCR-amplified frag-
ments from one of the rBAT-positive YAC clones
(921B6). This YAC was shown not to be chimeric, since
only a unique signal was obtained by FISH, mapping to
the short arm of chromosome 2 (Fig. 1 A). This localiza-
tion is in agreement with the previous assignment of the
rBAT gene to the short arm of chromosome 2 by somatic
cell hybrid analysis (Lee et al. 1993; Calonge et al. 1994)
G-banding demonstrated the localization of rBAT in the
2pl6 G-band (Fig. 1B). Confirmation of this assignment
and sublocalization of the rBAT gene were performed by
G-banding and FISH by using a mixture of five PCR-am-
plified rBAT genomic fragments as the probe. Our results
demonstrate that the rBAT gene maps to 2p16.3 (Fig. 1 C).
The cytogenetic localization of the rBAT gene in relation



Fig.1 Localization of the human rBAT gene to chromosome
2p16.3. by fluorescent in situ hybridization either of Alu-PCR-am-
plified YAC clone 921B6, containing the rBAT gene, and detec-
tion of the digoxigenin-11-dUTP labelled probe with FITC-conju-
gated sheep antidigoxigenin (A, B) or with rBAT-specific PCR-
amplified genomic fragments labelled with fluorescein 12-dUTP
(C). A FISH signals in both 2p regions of a metaphase spread (ar-
rowheads) and in an interphase nucleus showing that YAC 921B6
is not chimeric. B Chromosome 2 showing the fluorescent hy-
bridization signal (left) and G-banding (right). Association of the
FISH signal (arrow) to the 2pl6 band is representative of 30
metaphases from five different hybridizations. C Chromosome 2
showing the fluorescent hybridization signal (/eft), high-resolution
G-banding (middle) and its G-banded idiogram (right). Arrows in-
dicate the hybridization signal and the 2p16.3 band. Association of
the FISH signal to the 2p16.3 is representative of 30 metaphases
from five different hybridizations. In all cases, chromosomes were
counterstained with propidium iodide
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rBAT D25119 rBAT

D2S177

Fig.2 A—-C Propidium iodide counter-staining and fluorescent in
situ hybridization of the A/u-PCR-amplified YAC clones 921B6,
668A1 and 761H6, containing the rBAT gene, and the D2S119
and D28177 microsatellite loci, respectively. A Metaphase spread
showing a single FISH signal (arrowheads) on the short arm of
chromosome 2 after simultaneous hybridization with the three
probes. Digoxigenin-11dUTP-labelled YAC 921B6 probe and bi-
otin-16-dUTP-labelled probes from YACs 668A1 and 761H6 were
detected with FITC-conjugated sheep anti-digoxigenin and FITC-
avidin, respectively. A single fused signal was obtained in all
metaphases analysed from two different hybridizations. B Chro-
mosome 2 hybridized first with a probe from YAC 921B6 ({BAT
gene) and re-probed with YAC 761H6 (D2S177 marker). Co-lo-
calization of both hybridization signals (bars) was obtained in all
metaphases analysed from a single experiment (the dotted line
aligns the centromeres). C Chromosome 2 first probed with YAC
688A1 (D2S119 marker) and re-probed with YAC 921B6 (t{BAT
gene). Co-localization of both hybridization signals (bars) was ob-
tained in all metaphases analysed from a single experiment (the
dotted line aligns the centromeres) mapping D2S119 and D2S177

to two markers (D2S119 and D2S177), previously re-
ported to show linkage with the cystinuria locus (Pras et
al. 1994), was studied. To this end, combinations of Alu-
PCR-amplified sequences from YACs 668A1, 761H6 and
921B6, containing microsatellite loci D2S119 and
D2S177, and the rBAT gene, respectively, were used for
triple and double fluorescence hybridizations. In all cases,
triple (Fig. 2 A) and double hybridizations (668A1/761H6,
668A1/921B6 and 761H6/921B6) (data not shown) gave
a single fused signal in the p16 G-band of chromosome 2.
These results demonstrate the close physical location of
the three markers. To demonstrate this co-localization fur-
ther, chromosome metaphases were first hybridized with
Alu-PCR-amplified sequences of YACs 921B6 (rBAT
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gene) or 668A1 (microsatellite loci D2S119), and after
de-hybridization, the same samples were re-probed, sub-
stituting 921B6 for 761H6 (microsatellite loci D2S177)
and 668A1 for 921B6 (rBAT gene). In all cases, the FISH
signals were localized to the same chromosome 2 band
(Fig.2B and C).

Discussion

The present results demonstrate that the human rBAT
gene maps to band 2p16.3 and that it lies in close vicinity
to the D2S119 and D2S177 loci. This localization is based
on FISH analysis of high resolution trypsin-Giemsa-
banded chromosomes. During the course of our study,
Udenfriend’s group has reported that the human rBAT
(also named NBAT) gene is localized to the contiguous
band 2p21, as revealed by 4, 6-diamidino-2-phenylindole
staining (Yan et al. 1994). Other than the different level of
G-banding resolution and the staining method, we have
no explanation for this discrepancy.

The rBAT gene has been demonstrated to be responsi-
ble for the cystinuria phenotype: cystinuria-specific muta-
tions in the rBAT gene, found in Spanish and Italian fam-
ilies, affect the amino acid transport activity of rBAT
when the protein is expressed in Xenopus oocytes (Ca-
longe et al. 1994). Linkage studies between cystinuria and
chromosome 2p markers in Middle Eastern families have
established the cystinuria locus to be approximately 7
centiMorgans (cM) telomeric to D2S119, between
D2S119 and D2S177 (Pras et al. 1994). In a recent high
resolution genetic map, these loci have been assigned to
band 2p15 (D2S119) and to the centromeric end of band
2pl16 (D2S177), with a genetic distance of 5 cM between
them (Matise et al. 1994). Our FISH studies demonstrate
that the rBAT gene and its two flanking markers co-local-
ize physically to band 2p16. This result is in full agree-
ment with linkage studies and further confirms that the
rBAT gene corresponds to the assigned cystinuria locus.
The cytogenetic and genetic localization of the gene re-
sponsible for cystinuria (rBAT) introduces a new refer-
ence on the short arm of chromosome 2 for further genetic

mapping.

Acknowledgements M.N. and M.J.C. have contributed equally to
this study and should be regarded as joint first authors. We are
grateful to D. Le Paslier for the YAC clones from the CEPH
MegaYAC library. We thank Helena Kruyer for help with the
manuscript, and M. Pritchard and J. Guimera for YAC technical
advice. MLJ.C. is a recipient of a predoctoral fellowship from the
Comissié Interdepartamental de Recerca i Innovacié Tecnologica
from Catalonia (Spain). This work was supported in part by the Di-
reccién General de Investigacién Cientifica y Técnica (research
grants PB90/0435 and PB93/0738 to M.P.), “Ajut a la Recerca-94"
Fundacié Pi i Sunyer (V.N.) and by the Institut Catala de la Salut
(V.N. and X.E.) from Spain, and by research grants from the Min-
isterio Italiano della Sanitd (P.G.) and from Telethon (E.083) (L.Z)
from Italy.

References

Albersten HM, Abderrahim H, Cann HM, Dausset J, Le Paslier D,
Cohen D (1990). Construction and characterization of a yeast
artificial chromosome library containing seven haploid human
genome equivalents. Proc Natl Acad Sci USA 87:4256-4260

Bertran J, Werner A, Chillarén J, Nunes V, Biber J, Testar X,
Zorzano A, Estivill X, Murer H, Palacin M (1993) Expression
cloning of human renal cDNA that induces high affinity trans-
port of L-cystine shared with dibasic amino acids in Xenopus
oocytes. J Biol Chem 268: 14 842-14849

Calonge MIJ, Gasparini P, Chillarén J, Chillén M, Gallucci M,
Rousaud F, Zelante L, Testar X, Dallapiccola B, Di Silverio F,
Barcel6 P, Estivill X, Zorzano A, Nunes V, Palacin M (1994)
Cystinuria caused by mutations in rBAT, a gene involved in the
transport of cystine. Nature Genet 6:420-425

Chumakov 1, Le Gall I, Billault A, Ougen P, Soulaure P, Guillon
S, Rigault P, Bui H, Detaud MF, Barillot E, Abderrahim H,
Cherif D, Berger R, Le Paslier D, Cohen D (1992) Isolation of
chromosome 21-specific yeast artificial chromosomes from a
total human genome library. Nature Genet 1:222-225

Heslop-Harrison JS, Harrison GE, Leitch 1J (1992) Reprobing of
DNA: DNA in situ hybridization preparations. Trends Genet §:
372-373

Klever M, Grond-Ginsbach C, Scherthan H, Schroeder-Kurth TM
(1991) Chromosomal in situ suppression hybridization after
Giemsa banding. Hum Genet 86:484-486

Lee WS, Wells RG, Sabbag RV, Mohandas TK, Hediger MA
(1993) Cloning and chromosomal localization of a human kid-
ney ¢cDNA involved in cystine, dibasic, and neutral amino acid
transport. J Clin Invest 91:1959-1963

Lichter P, Cremer T, Borden J, Manuelidis L, Ward DC (1988)
Delineation of individual human chromosomes in metaphase
and interphase cells by in situ supression hybridization using
recombinant DNA libraries. Hum Genet 80:224-234

Matise CC, Perlin M, Chakravarti A (1994) Automated construc-
tion of genetic linkage maps using an expert system (Mul-
tiMap): a human genome linkage map. Nature Genet 6:
383-390

Mckusick VA (1990) Mendelian Inheritance in man, 9th edn.
Johns Hopkins University Press, Baltimore

Nelson DL (1990) Current methods for YAC clone characteriza-
tion. Genet Anal Tech Appl 7:100-106

Overhauser J, Radic MZ (1993) Encapsulation of cells in agarose
beads for use with pulsed-field gel electrophoresis. Focus 9:
8-9

Pras E, Arber N, Aksentijevich 1, Katz G, Schapiro JM, Prosen L.,
Gruberg L, Harel D, Liberman U, Weissenbach J, Pras M,
Kastner DL (1994) Localization of a gene causing cystinuria to
chromosome 2p. Nature Genet 6:415-419

Segal S, Thier SO (1989) Cystinuria. In: Scriver CH, Beaudet AL,
Sly WS, Valle D (eds) The metabolic basis of inherited disease,
6th edn McGraw-Hill, New York, pp 24792496

Selleri L, Hermanson GG, Eubanks JH, Evans GA (1991) Chro-
mosomal in situ hybridization using yeast artificial chromo-
somes. Genet Anal Tech Appl 8:59-66

Tagle DA, Collins FS (1992) An optimized Alu-PCR primer pair
for human-specific amplification of YACs and somatic cell hy-
brids. Hum Mol Genet 1:121-122

Yan N, Moscovitz R, Gerber LD, Mathew S, Murty VVVS, Tate
S8, Udenfriend S (1994) Characterization of the promoter re-
gion of the gene for the rat neutral and basic amino acid trans-
porter and chromosome localization of the human gene. Proc
Natl Acad Sci USA 91:7548-7552



